We have simultaneously measured angular distributions and electronic energy loss of helium ions and protons directly transmitted through free-standing, single-crystalline silicon foils. We have compared the energy loss along channelled and random trajectories for incident ion energies between 50 keV and 200 keV. For all studied cases the energy loss in channelling geometry is found to be lower than in random geometry. In the case of protons, this difference increases with initial ion energy. This behaviour can be explained by the increasing contribution of excitations of core electrons, which are more likely to happen at small impact parameters reached only in random geometry. For helium ions we observe a reverse trenda decrease of the difference between channelled and random energy loss for increasing ion energy. Due to the inefficiency of core-electron excitations even at small impact parameters at such low energies, another mechanism has to be the cause for the observed difference. We provide indications that the observed difference can be explained by reionisation events induced by close collisions of the helium ions occurring only along random trajectories.
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Accurate knowledge of the energy deposition by energetic charged particles in matter is imperative for understanding astrophysical phenomena [1, 2] and materials modification in extreme environments [3, 4] . At the same time, such knowledge provides the basis for analytical techniques such as ion beam analysis as well as for controlled tailoring of material properties by ion irradiation, implantation and sputtering, all of which are extensively used in materials research and widely spread in industrial applications [5] . Finally, the interaction of in particular light, slow ions with materials provides a well-defined test scenario for advanced theories predicting equilibrium (density functional theory DFT) and non-equilibrium conditions in solids (time dependent density functional theory TD-DFT) [6] .
The common concept for the description of energy dissipation defines the specific energy loss per unit path length as the stopping power S of a material. Whereas S is commonly considered a mean value along the trajectory of the ion, the transfer of energy from the moving ion to target constituents is generally impact parameter dependent [7] . Nevertheless, several successful theoretical concepts, providing predictions of S, have abandoned the complication of an internal structure of the target material [8, 9] .
Experimental studies of S are commonly performed using amorphous or polycrystalline target materials. The success of this approach in providing values for S according to definition is founded in the effective averaging of the specific energy transfers experienced in the individual interactions along a trajectory. The capability of specifically studying the individual underlying processes in a comparison of experimental data to theory is, however, limited. As an example, predictions by DFT typically match the experiment only for protons [10] , whereas for heavier ions, due to the contributions of more complex, local interactions [11] , the observed energy loss is underestimated [12] .
By predefining the impact parameters accessed in a specific experiment, a more detailed understanding of the electronic excitation channels accessible to an energetic ion can be obtained. A selection of impact parameters can be achieved by employing materials with longrange order, i.e. single crystalline materials. When an ion enters a crystal with its direction of motion closely aligned with a major crystal axis, it will typically undergo only small-angle collisions with the nuclei. These collisions steer the ion through the channel formed by the strings and planes of the crystal, and it moves in an oscillating fashion, at large impact parameters [13] .
The electronic stopping power of fast light ions in single-crystalline materials has been studied by several groups [14] [15] [16] [17] [18] [19] [20] . At energies between 500 keV and several MeV, significant differences between channelled and non-channelled trajectories have been reported in silicon targets. In these studies, different experimental approaches like backscattering or transmission with either relatively thick samples or samples with an additional backing layer have been performed. At similar energies more recent studies with ultra-thin, free-standing silicon foils have focussed on the angular distribution of transmitted protons [21] [22] [23] . For slower ions with energies in the medium energy regime (several ten to few 100 keV) very little systematic analysis exists. Recently, Wang et al. have constructed a transmission channelling set-up for a He ion microscope, but no measurements of electronic stopping have been performed [24] .
At lower energies, the character of ion-solid interaction changes and non-adiabatic processes become important. Thus, at such energies, impact parameter dependent phenomena can be expected to behave differently than observed at energies of several hundreds of keV/nucleon: core-electron excitation is not as efficient, the structure of the density of states of the target becomes important and dynamic processes such as charge exchange [25] and formation of molecular orbitals [26] start to contribute. Recently, significant advances in theoretical description of these dynamical processes in solids have been made due to the development of TD-DFT. Similar as for experiments, also from a theoretical point of view, the order of welldefined lattice locations and the periodicity of crystals makes them easier to model than amorphous materials. Under these conditions, TD-DFT has been successfully employed to model the transmission of ions through crystalline samples and results on multiple ion-target combinations have been published, for example H in Si [27] , H in Ge [28] , Si in Si [29] and Ni in Ni [30] .
We present an experiment to simultaneously record angular distributions and experimental energy loss of helium ions and protons transmitted through thin, free-standing singlecrystalline silicon foils. For the first time we compare helium and proton data at low energies below and around the Bragg peak, respectively. We show that, also for the lowest investigated energies, the energy lost along channelled trajectories is significantly less than along random trajectories. The energy dependence and magnitude of this effect differs fundamentally between protons and helium ions.
Experiments were performed with the time-of-flight medium energy ion scattering (ToF-MEIS) set-up at Uppsala University [31] . Helium ions and protons were detected with a large position-sensitive microchannel plate detector after transmission through thin, free-standing Si(100) foils ("UberFlat" silicone membranes from Norcada Inc.). The detector was positioned with its surface orthogonal to the initial beam direction, 290 mm behind the sample. Initial ion energies ranged between 50 keV and 200 keV. The ion energy after transmission through the sample was determined via their time-of-flight simultaneously with a position signal.
Rutherford backscattering spectrometry was used to independently confirm the thicknesses and purity of the samples. (100) foil. The sample is aligned in such a way that the principal [100] crystal axis is parallel to the incident beam. In this geometry, the vast majority of ions is detected at small scattering angles axially symmetric around the incident beam direction. These ions, thus, travel through the crystal along a channelling trajectory. A minority of ions escapes the channels and reach the detector under larger scattering angles (note that the whole diameter of the detector corresponds to deflection angles ±11.5°). Some of these trajectories are, however, subject to the blocking effect, which results in reduced intensity at the projections of the crystal axes on the detector. In this way, a real-space image of the crystal structure becomes visible, with information on the particle energy simultaneously available for every pixel. For Figure 2 we have turned the sample by 12° around the y-axis and by 7.5° around the xaxis. Otherwise, experimental conditions were identical as for Fig. 1 . The beam is not aligned with one of the low-index crystal axes, therefore, we call this geometry "random". Again, the highest intensity can be observed in the centre of the detector, i.e. in the direction of the 7 primary beam (denoted by the topmost circle in Fig. 2 ). The blocking pattern, i.e. the lines and nodes of reduced intensity, is readily visible. Note that the white region on the top is an artefact caused by a cable shadowing the detector. Both graphs also hold an inset showing the angular distribution of the recorded intensity along the x-axis. For decreasing energies, the angular spread increases, and the distribution for 50 keV He shown in the inset in Fig. 2 clearly illustrates how initially deflected primary ions can be subsequently channelled. Also, the observed angular spread is found lower for protons as expected (not shown). Generally, the distributions of ions of different species and/or initial kinetic energy look qualitatively similar on the detector.
The present data permit to unambiguously correlate angular deflection and crystal orientation with the associated energy loss distribution. In the following, we assess the energy loss of ions for different, specific trajectories. For this aim, we varied the beam-crystal alignment successively between the channelled and the random geometry and selected ion trajectories It is readily visible that the ions lose significantly less energy along channelled than along random trajectories. The broadening of the curves observed in the transition from channelling to random geometry is expected to be caused by an inclusion of qualitatively rather different trajectory types. The initial ion energy is 50 keV and data are taken from the same circular region of interest with 4 mm radius for each measurement. All curves are normalised to their maximum value. Vertical lines indicate the energy loss in amorphous Si from [32] and [33] . All other value pairs in the legend give the rotation around the x-and the y-axis with respect to this alignment. The inset shows the observed full-width at half-maximum of the energy loss distributions.
To quantify this phenomenon and to allow for a comparison between different energies and ion species, we study the energy loss in channelling geometry (ΔEch) as a fraction of the random energy loss (ΔEr). (100) foil. The inset shows our data in comparison with energy loss ratios measured in Si(100) from the literature (H + data point from Ref. [18] (open diamond), He + data from Ref. [20] (red stars) and [34] (red half-filled circle). The red dashed line corresponds to a guide to the eye through measured data from Ref. [19] .
For understanding these results it is necessary to consider the total energy loss as a sum of different processes [35] . The first contribution stems from the energy transferred to the target valence electrons via binary Coulomb collisions. These electrons can be considered as almost homogeneously distributed inside the target and even within the channel [17, 34, 36] and, thus, are expected to cause only a marginal difference between random and channelled geometries. Secondly, at sufficiently high energy transfers in ion-electron collisions, also silicon core electrons which are highly localised may be excited. Energy loss to these electrons is, therefore, expected to be impact parameter dependent, and suppressed for channelled ions, which are steered towards the channel centre and experience no close collisions [34] .
These effects in combination explain the observed decrease of the ratio ΔEch/ΔEr in previous studies at high energies and have been extensively discussed in literature [37] . The inset of Fig. 4 shows our results together with datapoints and an interpolation of data discussed in Ref. [19] for ΔEch/ΔEr at high energies. In this context, the observed energy dependence of our data for protons, as well as its extrapolation to higher energies, can be explained by the increasing efficiency of core-electron excitations and its consequent dominance over valence electron excitations [27] .
In contrast, for helium ions with energies below 200 keV, the excitation of silicon core electrons becomes very unlikely for two reasons. First, the maximum energy transfer in binary electron-ion collisions is much smaller than the binding energies of inner shells. Second, due to the stronger nuclear interaction, typical interaction distances are much larger than for protons, also for random geometries. Thus, the observed difference in energy loss at these low energies, which is further increasing with lower initial ion energy, i.e. exhibits a maximum between ca. 400 keV and 500 keV, has to be attributed to a different energy loss mechanism.
In the following, we propose this observed difference to be caused by electron capture and loss of the projectiles caused by dynamic processes. Whereas for protons the 1s-level is typically resonant with the band in the solid, for He a more complex behaviour dependent on interaction time and impact parameters can be expected [38, 39] . Excited states of the projectiles are additionally expected to become relevant for the interaction [40] . Generally, helium ions of initial energies of several ten keV/nucleon are expected to capture an electron via Auger processes when they enter a solid at any impact parameter [41] . At the same time, a series of ionisation processes such as autoionisation from an excited state or collision induced reionisation, several of which show a clear impact parameter dependence, exists. The formation of molecular orbitals and consecutive electron promotion has also been shown to be active particularly at lower ion energies [42] .
A qualitative analysis based on these processes and data from low energy ion scattering allows to understand the increase of ΔEch/ΔEr at low energies based on cyclic capture and loss events affecting directly and indirectly the observed energy loss. The reionisation threshold for initially neutral He projectiles in large angle collisions from Si is known from low energy ion scattering experiments [25] and found between 300 eV and 400 eV [25, 43] . This energy corresponds to a distance of closest approach of about 0.35 Å for charge exchange during a scattering event, which can only be reached at scattering angles > 0.45° for 50 keV He projectiles. From the measured angular distribution of ions (conf. inset in Fig. 1) we can deduce that a large fraction of channelled helium could indeed not have undergone charge exchange events, i.e. they are expected to have been neutral for a large part of their trajectory through the target. For a random trajectory the possible number of charge exchange events can be estimated geometrically. The probability to impact a circle with radius 0.35 Å around a silicon nucleus is about 0.04 per monolayer and thus would account to around 40 such close encounters for the whole sample (200 nm ≈ 1000 monolayers). In these processes a characteristic energy transfer of about 20 eV is observed [44] . While these direct losses have to be expected, they are clearly insufficient to explain the observed difference in energy loss.
However, another consequence of these processes, including autoionisation due to formation of molecular orbitals, is that the probability that initially neutral He travels through the target in an ionised state is significantly enhanced for non-channelling geometries. Assuming a mean Auger neutralisation rate similar to that of Al, which is about 5.8 × 10
14 s -1 [45] , a typical neutralisation length of about 23 Å can be expected, effectively introducing a significant difference in the mean charge state for different trajectories. Since the electronic stopping power of the helium ion is significantly higher than that of the neutral atom [46, 47] , these ionisation processes can contribute to the observed differences in the energy loss of ion along channelled and random ion trajectories.
To obtain a more complete understanding of the impact parameter dependent charge exchange mechanisms of ions with solids, measurements of exit charge states of transmitted ions in channelling and random geometries are required. A comparison with relevant theoretical descriptions, e.g. from TD-DFT, could further deepen our knowledge of these processes.
